INTRODUCTION
Peroxisomes are single membrane bound organelles present in virtually all eukaryotic cells. They contain >50 matrix enzymes which play important roles in a variety of metabolic pathways (1, 2) . The peroxisomal membrane contains multiple organellespecific proteins involved in the transport of matrix proteins into the organelle (3, 4) and others whose function is required for transport of small molecule substrates and products across the peroxisome membrane (5, 6) . The peroxisomal ATP-binding cassette (ABC) transporters are in this latter category.
ABC transporters are a superfamily of integral membrane proteins involved in the transport of a wide variety of molecules across biological membranes (7, 8) . ABC transporters are comprised of two homologous halves, each with two parts: a membrane spanning domain with multiple transmembrane segments; and a nucleotide binding domain with Walker A and B consensus sequences (7, 9, 10) . Eukaryotic ABC transporter proteins are either full-size transporters of ∼140 kDa [e.g. the multiple-drug-resistance (MDR) and the cystic fibrosis transmembrane regulator (CFTR) proteins] or half-transporters of ∼70 kDa which dimerize to form the active transporter (7) . Although there is a formal possibility of half ABC transporters assembling as homodimers, only heterodimeric associations have been observed. For example, the transporter of antigenic peptides (TAP) in the mammalian endoplasmic reticulum membrane (11) and the PXA transporter in Saccharomyces cerevisiae peroxisome membrane (12) are heterodimers of the TAP1/TAP2 proteins and Pxa1p/Pxa2p, respectively. Interestingly, the white/scarlet/brown subfamily of half ABC transporters in Drosophila eye pigment cells have been shown to assemble in different heteromeric combinations each with a different substrate preference (13) .
Three half ABC transporters are known in the human peroxisome membrane: the 70 kDa peroxisomal membrane protein, PMP70 (14, 15) ; the adrenoleukodystrophy protein, ALDP (16) ; and the adrenoleukodystrophy-related protein, ALDR (17) . Both PMP70 and ALDP have been implicated in genetic diseases. Mutations in the PMP70 gene were found in two patients with Zellweger syndrome, a peroxisome biogenesis disorder (PBD) (15) . The functional consequence of these mutations, however, and the role of PMP70 in Zellweger syndrome, if any, is uncertain (18) . Indeed, a recent survey of 12 PBD complementation group 1 probands for PMP70 mutations by Southern blotting and SSCP of RT-PCR fragments failed to detect mutations (19) . By contrast, mutations in the gene (ALD) encoding ALDP are clearly responsible for X-linked adrenoleukodystrophy, a neurodegenerative disorder characterized by defective peroxisomal β-oxidation of very long chain fatty acids (C 24 and longer) (20) (21) (22) (23) (24) . Adrenoleukodystrophy has extreme phenotypic variability ranging from the lethal childhood cerebral form to isolated Addison's disease in adults (21) . This phenotypic variability is not explained by the genotype at the ALD locus and may be the result of a polymorphic modifier gene (25) . The third known peroxisomal half ABC transporter, ALDR, is most similar to ALDP (66% amino acid identity) and has been proposed as a candidate for the ALD modifier gene (17) .
Here we report the cloning and characterization of P70R, a fourth mammalian peroxisomal half ABC transporter.
RESULTS

Cloning P70R cDNAs
Utilizing the amino acid sequence of two human peroxisomal ABC transporters (PMP70 and ALDP) as probes in a homology search of the dbEST (26, 27) , we identified a human expressed sequence tag (EST) clone (H50978) encoding the C-terminal 149 *To whom correspondence should be addressed. Tel: +1 410 955 4260; Fax: +1 410 955 7397; Email: david.valle@qmail.bs.jhu.edu amino acids of an unidentified homolog. Using the EST insert as the initial probe, we screened several human cDNA libraries to isolate a cDNA clone (P70R-hr3). P70R-hr3 has a 5′ untranslated sequence of 6 bp, followed by an open reading frame of 1818 bp and a 3′ untranslated sequence of 137 bp. Additional cDNA sequence extending 5′-ward (to -44) and 3′ to the poly-A (+2311) was obtained from other overlapping cDNA clones. In Figure 1 , we aligned the 606 amino acid sequence of P70R with that of the other three mammalian half ABC transporters PMP70, ALDP and ALDR. The overall amino acid identity of P70R is 27.4% to PMP70, 24.5% to ALDP and 24.9% to ALDR. Like these proteins, P70R has the structure of a half ABC transporter. A hydrophilicity graph of the P70R protein shows six putative transmembrane domains (TMD) which align with the putative TMD of PMP70, ALDP and ALDR (Fig. 1) . A database search using the P70R protein sequence shows the highest similarity to a Caenorhabditis elegans open reading frame (Z75532, 36.8% amino acid identity) and to a murine EST clone (518750). The sequence of this EST encodes the C-terminal 144 amino acids of the murine P70R ortholog and is 92% identical to the corresponding amino acid sequence of the human protein (not shown).
Mapping and expression of the P70R gene
To map the P70R structural gene we used the full P70R cDNA to probe a human monochromosomal hybrid somatic cell mapping panel. The probe hybridized to fragments of chromosome 14 (not shown). A more precise chromosomal location was achieved using the P70R cDNA in a homology search of the sequence tag site (STS) database (28) . Two STSs were found to contain P70R sequences (WI-9601 and A006I12). A UniGene database search (29) mapped these STSs between two chromosome 14 markers (D14S71 and D14S76) localizing the P70R structural gene to 14q24.
Northern blot analysis of mRNA isolated from multiple human tissues shows that the P70R gene encodes a transcript of ∼2.6 kb which is expressed in all tissues examined (Fig. 2) .
Immunoblot analysis and subcellular localization of the P70R protein
Although P70R and PMP70 share only 38% amino acid identity in the region of overlap for the segment of P70R used as antigen (see Materials and Methods), we first determined that our immunoadsorbed P70R antibody did not cross-react with Figure 3a , our P70R antibody does not detect a fusion protein containing the corresponding segment of PMP70 even at amounts of bacterial lysate 10-fold greater than that required for the fusion protein to be recognized by anti-PMP70 antibody (compare lane 3 with lane 5). Additionally, in extracts of liver from rats fed the peroxisome-inducing agent [DHEP, (30) ], the anti-P70R antibody detects a single protein of 73 kDa, clearly different from PMP70 which migrates as a 70 kDa protein (Fig. 3b) . Similarly, in extracts of total human hepatoma cell (Hep G2) protein, anti-P70R antibody also detects a protein of 73 kDa clearly distinct from PMP70 (not shown). We conclude that in the range of dilutions utilized in these studies, our anti-P70R antibody does not cross-react with PMP70.
To determine the subcellular distribution of the P70R protein, we performed immunofluorescence studies of human fibroblasts (Fig. 4) . The anti-P70R antibody stains punctuate structures identical in shape and number to peroxisomes. These structures also stain with antibodies to catalase, a peroxisomal marker (Fig.  4a ) and are not detected by either anti-P70R or anti-catalase in fibroblasts from a Zellweger syndrome patient (PBD061, complementation group 9) which lacks recognizable peroxisomes (31) (Fig. 4b) . These results localize the P70R protein to peroxisomes. Furthermore, P70R is present in apparently normal amounts in the peroxisomes of fibroblasts from an X-linked adrenoleukodystrophy patient (patient O in ref. 16 ) who has been shown to lack ALDP as a consequence of a deletion which removes the 3′ half of the ALD gene (20) . This result confirms that the peroxisomal staining detected with our anti-P70R antiserum is not due to cross reaction with ALDP and suggests that the presence of ALDP in the peroxisomal membrane is not required for accumulation of P70R.
DISCUSSION
Using homology probing, we identified a human cDNA (P70R) that encodes for a 606 amino acid protein whose sequence is most similar to those of the peroxisomal ABC transporters. Alignment of the P70R amino acid sequence with that from the three known human members of this subgroup of the ABC protein superfamily shows that P70R is slightly more similar to PMP70 than to ALDP or ALDR (27.4, 24.5 and 24.9% overall amino acid identity, respectively, Fig. 1 ). Like PMP70 and ALDP, but unlike ALDR (14, 16, 17) , the P70R gene is expressed at variable levels in all human tissues examined (Fig. 2) and immunofluorescence analysis of cultured fibroblasts localizes it to peroxisomes (Fig.  4) . We conclude that P70R is a fourth human peroxisomal half ABC transporter.
Peroxisomes are present in all eukaryotic organisms but are not found in prokaryotes (2) . In earlier work, we showed that S.cerevisiae has only two peroxisomal half ABC transporters (12, 32) and that C.elegans has a pair of transporters highly similar to PMP70 and ALDP (33) . A database search using the human P70R amino acid sequence detects a C.elegans open reading frame (accession # Z75532) with 36.8% overall amino acid identity which is likely the worm ortholog of P70R. Interestingly, we found a second open reading frame possessing high similarity to P70R (30.4% overall amino acid identity) in a prokaryotic cyanobacterium Synechocystis sp. (accession #D64002). Cyanobacteria are thought to be the endosymbiotic source of chloroplasts in modern plants (34) . A phylogenetic tree of these half ABC transporters places P70R and the putative C.elegans ortholog in a separate branch, closer to the prokaryotic transporter (Fig. 5) . This relationship suggests that P70R resembles the evolutionary precursor of mammalian peroxisomal half ABC transporters more closely than any of the other known members of this subfamily.
As is the case for other half ABC transporters, the P70R protein must dimerize to form a functional transporter (7) . Interestingly, genetic studies of the Drosophila white, brown and scarlet proteins show that these half ABC transporters assemble in various combinations to form dimeric transporters that transport different substrates: a white/brown dimer transports guanine; conversely, a white/scarlet dimer transports tryptophan (13) . Based on this precedent and the known heterodimeric structure of the PXA peroxisomal transporter in S.cerevisiae (12), we and others have suggested that the human peroxisomal half ABC transporters also heterodimerize in various combinations to form transporters with different functions (12, 17) . Identification of a fourth member of this subfamily of ABC transporters (P70R) increases the number of possible heterodimeric combinations and, accordingly, the number of functions these transporters could perform. Our results also show that P70R, like PMP70, is present in roughly normal amounts in cells lacking ALDP ( Fig. 4d) (20) . Thus, the absence of ALDP does not prevent accumulation of these transporters in the peroxisomal membrane. Although this result does not preclude interaction of ALDP with P70R, it does not support this possibility.
Although the substrates of the human peroxisomal ABC transporters are not known, their yeast homologs (PXA1 and PXA2) are necessary for transport of long chain (C [16] [17] [18] ) fatty acids into the organelle (12,32,35) . Similarly, the biochemical phenotype of patients with ALD mutations [accumulation of very long chain (>C 24 ) fatty acids] suggests one or more of the possible human transporters is required for transport of these compounds into the peroxisome. Members of another subgroup of ABC transporters, the multiple drug resistance transporters, are known to transport lipids, phospholipids and steroids (36) (37) (38) (39) . Based on these observations, we and others have suggested that the human peroxisomal ABC transporters mediate the transport of fatty acids into the peroxisome matrix (12, 32, 35) . It is possible that different heterodimers formed by various combinations of the four half transporters transport fatty acids of different saturation states and/or chain lengths into the peroxisome.
Like the other human peroxisomal ABC transporters (14, 16, 17) , P70R is also a candidate modifier gene contributing to the phenotypic variability of X-linked adrenoleukodystrophy.
MATERIALS AND METHODS
Cloning human P70R cDNAs
We probed the dbEST (26) with PMP70 and ALDP protein sequences and identified EST clone H50978 with similarity to both proteins. Utilizing standard methods (40) we screened a human liver cDNA library (Stratagene) using H50978 as a probe and isolated several cDNA clones. We PCR-amplified a 216 bp DNA fragment (+757 to +973, when +1 is the A of the ATG start codon) from the most 5′ of the longest of these (P70R-hl3) to probe a second cDNA library [human fetal brain (41) ]. The longest clone isolated from this second screen (P70R-hfb4) extended 6 bp upstream of the ATG start codon. We screened a third cDNA library (human retina, kindly provided by J. Nathans) with a PCR amplified DNA fragment (-6 to +241) as probe and isolated a clone (P70R-hr3) which contained the full open reading frame (-6 to +1961) of the gene. The entire sequence of this cDNA was confirmed by sequencing both strands. A second clone from the third library (P70R-hr17) extended to -44 bp upstream of the ATG. This extension of the 5′ untranslated sequence was confirmed by an independent amplification and cloning using a Marathon-Ready kit of liver and kidney cDNA (Clontech).
Northern blot analysis and chromosomal location
We probed a multiple tissue Northern blot with a 1.2 kb P70R cDNA fragment and a 2 kb human β-actin cDNA (Clontech). Both probes were labeled by the random primer method (40) and hybridized according to the company's protocol. The membrane was probed with the P70R fragment, exposed for 10 days, stripped and reprobed with the β-actin and exposed for 3 h. We mapped the P70R structural gene to a specific chromosome using a monochromosomal somatic cell hybrid panel (Oncor) and the full length P70R cDNA as probe. Regional localization was obtained from the STS/Unigene project (29) .
Production and purification of antibodies
We cloned cDNAs encoding the C-terminal 194 amino acids of P70R or the C-terminal 117 amino acids of PMP70 into the pMal-c2 plasmid (BioLabs) to produce chimeric proteins consisting of an N-terminal maltose binding protein (MBP) fused to C-terminal sequences of either P70R or PMP70 (MBP-P70R or MBP-PMP70, respectively). The same PMP70 cDNA fragment was also cloned into the pGEMEX plasmid (Promega) to produce a chimeric protein consisting of an N-terminal T7 gene 10 protein (T7G10) fused to the C-terminal 117 residues of PMP70 (T7G10-PMP70). The MBP-P70R and MBP-PMP70 chimeric proteins were expressed in Escherichia coli (BL21) and purified by affinity chromatography using an amylose resin column (New England Biolabs). The T7G10-PMP70 chimeric protein was purified by SDS-PAGE. Rabbit antisera were raised against MBP-P70R and T7G10-PMP70 (HRP Inc., Denver, PA) and antibodies against P70R and PMP70 were affinity purified (ImmunoPure, Pierce) using MBP-P70R or MBP-PMP70, respectively, as the binding antigen.
Immunoblots and immunofluorescence
An organelle enriched fraction was prepared from di(ethylhexyl)phthalate (DEHP) induced rat liver (kindly provided by Dr Paul Watkins) as described (42) . DEHP induces rodent peroxisomes and their components (30) . The proteins in the organelle fraction were separated by SDS-PAGE and transferred to a nitrocellulose membrane (40) . For immunoblot analysis (ECL, Amersham) we used a 1/200 or a 1/500 dilution of the affinity purified anti-P70R or anti-PMP70 antibodies, respectively. Immunofluorescence localization of P70R in human fibroblasts was performed as described (31) . For primary antibody we used the immunoadsorbed anti-P70R antibody which we detected with Texas Red-labeled goat anti-rabbit as a secondary antibody (Vector). This secondary antibody used alone does not detect peroxisome-like structures (not shown). Co-localization with catalase, a peroxisomal matrix marker protein, was performed using sheep anti-human catalase antibodies (The Binding Site) detected with fluorescein isothiocyanate (FITC)-labeled donkey anti-sheep (The Binding Site). To detect ALDP, we used the rabbit anti-ALDP antiserum described in ref. 20 .
Cell lines and cultures
Human fibroblasts were cultured in Eagles' MEM with 10% fetal calf serum. The cellular phenotype of the complementation group 9 Zellweger patient (PBD061) is described by Slawecki et al. (31) . The ALD fibroblasts are from patient O who lacks ALDP secondary to a deletion removing the 3′ four exons of the 10 exon ALD gene (16, 20, 43) .
